The recent proposal of using an anisotropic vacuum for generating valley coherence in transition metal dichalcogenide (TMDC) monolayers has expanded the potential of such valley degrees of freedom for applications in valleytronics. In this work, we open up a completely new regime, inaccessible with monolayer TMDCs, of spontaneously generated valley coherence in interlayer excitons in commensurate TMDC bilayer heterostructures. Using the peculiar out of plane polarization of interlayer excitons in conjunction with an in-plane anisotropic electromagnetic vacuum, we show that a much larger region of the Bloch sphere can be accessible in these heterostructures. We show the accessible phases of these excitons given this in-plane anisotropic electromagnetic vacuum. Our analysis of spontaneous coherence for interlayer excitons may pave the way for engineering an array of interacting quantum emitters in Moiré heterostructures. * anshuman.kumar@iitb.ac.in arXiv:1912.12080v1 [physics.optics] 
In recent years, valleytronics -the technology to manipulate the electronic 'valley degree of freedom' in two dimensional gapped Dirac systems, which possess pairs of degenerate band extrema or valleys, has received enormous attention for information processing applications [1, 2] .
Few layer transition metal dichalcogenides (TMDCs) are one class of semiconductors that show great promise for such technologies. TMDCs are van der Waals materials, which means that their heterostructures can host excitons in which the electron and hole are confined to separate layers, i.e., interlayer excitons [3, 4] . In TMDC heterostructures, such as MoX 2 /WX 2 , there exists a type II band alignment, which results in the interlayer exciton being the most energetically favorable [5] . In addition, their heterostructures are rather easily formed without the constraints of epitaxial matching, and they can be integrated with other photonic platforms [6, 7] . There have been several proposals to use TMDC heterostructures to develop novel optoelectronic devices, similar to those in the field of spintronics [8, 9] . In this work, we open up a new regime of spontaneous valley coherence for interlayer excitons in commensurate TMDC bilayer heterostructures, exhibiting extremely rich coherence features. Recently, it was shown that interlayer excitons in bilayer TMDC heterostructures not only couple to in-plane polarized light, but also to z polarized light due to the spatial separation of the electron hole pair [10, 11] . We have found that this results in the existence of orthogonal dipoles that are not in-plane circularly polarized in such systems.
It is of interest to study spontaneous valley coherence generation for interlayer excitons for the following reasons. Firstly, interlayer excitons, due to the spatial separation of the electron-hole pair, have longer radiative lifetimes as compared to their intralayer counterparts [12] , as well as much smaller intervalley scattering rates [13] . Secondly, moire superlattices can generate an array of such interlayer excitons and thus, have the potential to host interacting quantum emitter arrays [14] [15] [16] [17] . Lastly, due to the form of the valley exciton coupling in intralayer excitons, circularly polarized dipoles will only have a real coupling constant for diagonal Green's tensors which limits the state vector to only reside in the xz plane of the Bloch sphere. Interlayer excitons on the other hand, while retaining in-plane circularly polarized dipoles, also have out of plane orthogonal dipoles for certain interlayer translations. These non-trivial dipoles have complex coupling constants, thus resulting in a larger accessible region of the Bloch sphere.
As with any scheme for quantum control, one must be able to generate coherence between these two excitons. Broadly, there are two approaches to generate such coherence between the valleys -one that involves an external coherent electromagnetic pump [18] [19] [20] and another, spontaneously, using an anisotropic vacuum generation [21, 22] . To generate the anisotropic vacuum we used a custom designed array of nano-antennas, i.e., a metasurface. Metasurfaces, a special kind of planar metamaterial, allow user defined electromagnetic waveform responses with control over properties such as amplitude, phase, and polarization [23] [24] [25] with an ultra-thin spatial footprint. Figure 1 shows a schematic of the proposed TMDC heterostructure placed above the metasurface.
Our letter is organized as follows. Firstly we look at orthogonal interlayer exciton dipole moments in commensurate stackings of bilayer TMDC heterostructures, based on the analysis done in [10] , for singlet and triplet interlayer excitons, followed by identifying the interlayer translation for the non-trivial orthogonal dipole moments in ±K valleys. Secondly we analyze the effect of an anisotropic electromagnetic vacuum on these orthogonal dipoles. Lastly we propose a metasurface and bilayer MoSe 2 /WSe 2 heterostructure to observe the coherence between the two valleys, and metrics such as the Stokes' parameters to quantify the coherence.
Valley excitons (+K or −K) in monolayer TMDCs have excitons that are circularly polarized in the plane of the monolayer [26] . Such systems be modelled as a V-level scheme with the two transitions being orthogonal, but degenerate. Valley excitons in TMDC bilayer heterostructures, however, have excitons with dipole moments that can couple to right circularly, left circularly, and linearly (z) polarized light [10] . In general, the interlayer valley exciton dipole moments can be written as
where D 1 = D +K±K and D 2 = D −K∓K , depending on the stacking (R/H). The coefficients a ±K ±,z are dependent on the interlayer translationr 0 (see supplementary information). In this work, we are interested in the forms of the orthogonal dipoles, i.e., whenD * 2 ·D 1 = 0, because these dipoles can then be viewed as a pseudo-spin.
Most of the values of r 0 for whichD * 2 ·D 1 = 0 are the high symmetry points (r 0 = 1 3 or 2 3 ) where the dipoles are circularly polarized in the xy plane, similar to the monolayer case. However, there are a few 'non-trivial' zeros where the orthogonal dipoles are not in-plane circularly polarized, but have all three components in the labarotary frame. It turns out that these non-trivial zeros are in fact circularly polarized dipoles (due to time reversal symmetry), up to a phase, with a quantization axis that is not the z axis. The quantization axisn of these non-trivial zeros is given byn
and sinceD * 2 ·D 1 = 0 ⇒ Re(D 1(2) ).Im(D 1(2) ) = 0, the non-trivial dipoles are circularly polarized in the plane definedn 1(2) [27] (note thatn 1 = −n 2 , see supplementary information).
Even though commensurate TMDC bilayer heterostructures with most of the interlayer translation values, r 0 , do not exist naturally, they can be found in incommensurate heterostructures with small twist angles (moire superlattices) [11, 28] . They are found on length scales larger than the monolayer lattice constants, but smaller than the moire supercell lattice vectors. In these regions, the atom placement is indistinguishable from that of a commensurate stacking with interlayer translation. Such excitons are therefore experimentally realizable. Figure 2 (b) shows the variation of |D * 2 ·D 1 | with r 0 for singlet excitons for the example of a commensurate H type stacking, which is the focus of this work. Our formalism can be easily extended to other types of stacking, which are further discussed in the supplementary information.
In an isotropic electromagnetic vacuum, the coupling between any two orthogonal transitions is forbidden. One proposal to work around this was to create an anisotropic vacuum that would result in a non-zero coupling [29] . Anisotropic vacuums can be generated by using metasurfaces [30] , or by using anisotropic polaritonic materials [21] . We briefly elucidate how an anisotropic vacuum can enable coupling in the following. An emission process in one valley (say +K, in monolayer TMDCs) will result in a photon that will not be able to excite the other valley in free space. Once the vacuum becomes anisotropic, the interaction term between the vacuum field created by the excited dipole and the dipole of the other valley, i.e.,d * −K ·Ē +K , is non-zero. The coupling rate between the two orthogonal dipoles is given by [31] 
where ↔ G is the total Green's tensor at the position of the dipoles (Note that Re ↔ G is typically small for nano-antenna metasurfaces). The normalized coupling rate,κ 21 /γ 0 (γ 0 is the free space decay rate), for in-plane circular dipoles evaluates to γxx−γyy 2 , where γ aa is the normalized decay rate for a dipole withâ polarization, i.e., γ aa ∝ a * · Im ↔ G · a. In an anisotropic vacuum, where γ xx = γ yy , the coupling will be a finite non-zero value. The normalized coupling constant for our case can be written as κ =κ 21 
If γ xx = γ yy = γ zz , the coupling constant will be proportional to the dot product of the two dipoles and will be 0 for orthogonal transitions. for the exciton marked in Figure 2 (b), which confirms that our chosen values of the γ ii 's are indeed close to optimal for observing the largest coupling rate. It must be noted however, that in the case of other types of stacking, the optimal values of the corresponding decay rates might differ.
In this work we use a nano-antenna based metasurface to generate an anisotropy between the x and y directions. Our metasurface is designed to act as a normal mirror for y polarized light and a spherical mirror for x polarized light. To mimic such a phase profile, the dimensions of each nanoantenna and its position on the metasurface have been designed accordingly. This will result in destructive interference between the emitted and reflected fields for x polarized light at the dipoles' position while leaving the field of y polarized light unaffected, hence causing a suppression of the radiative rate in the x direction. Figure 3 (a) shows the phase profile for
x polarized light that we are trying to mimic. Figure 3 (b) shows the phase of the reflected
x polarized light for each of our chosen nano-antennas. Our designed metasurface gives us γ xx ≈ 0.1 and γ yy = 1, which is quite close to the optimal value as highlighted in Figure 2 (c).
To measure the coherence between the two dipoles, a quantity known as the Degree of Linear Polarization (DoLP) has been proposed [32] . This is the normalized Stokes' parameter S 1 [33] . For systems such as ours, this metric only captures a part of the coherence in the system, since it corresponds to a projective measurement in the xz plane of the Bloch sphere. To capture the full coherence, we also need to consider the third Stokes' parameter, S 2 . In order to calculate these experimentally measurable parameters, we solve for the density matrix of the system via the master equation given below [34] :
where n, m = 1, 2. |g denotes the ground state, Γ 21 = κ = Γ * 12 is the coupling constant and captures the two photon (virtual) process between the two orthogonal dipoles, Γ nn is the spontaneous decay rate of the dipole, δ nm is the resonant dipole-dipole interaction, and ∆ω n accounts for the lamb-shift. For our system, both δ nm and ∆ω n are two orders of magnitude smaller than Γ nm and have hence been neglected.
To propose a method to experimentally measure the coherence, we excite the system with a bi-directional incoherent pump for bothD 1 andD 2 . In steady state, the Stokes' parameters take the form (see supplementary information for the rate equations)
where κ r(i) is the real (imaginary) part of κ, γ is the spontaneous decay rate of the dipoles in the presence of the metasurface, γ s is the intervalley scattering rate, R is the incoherent pump rate, and β = γ + R + γ s . Figure 4 (a) shows the evolution of the Stokes parameters on the Poincaré sphere with bi-directional incoherent pumping for bothD 1 andD 2 with the initial state prepared inD 1 . For our heterostrucutre, the system evolves outside the xz plane. For comparison, we have included a trajectory for a system where Im[κ] = 0. Figure 4 (b) shows the steady state value of the Stokes' parameters against the intervalley scattering rate. S 1 and S 2 contain information on the final state of the system on the Bloch sphere. A non-zero value of S 2 indicates that the system has left xz plane of the Bloch sphere. In Figure 4 (c), we show that with metasurfaces of different design, the phase φ = tan −1 (S 2 /S 1 ) of the projection of the polarization state on the equatorial plane can be tuned for different values of γ xx and γ yy (γ zz = 1). One should note that γ xx/yy is tunable via the geometrical design of the metasurface and enables accessing different states on the Poincaré sphere.
To summarize, we have shown a valleytronics application of spontaneous coherence between interlayer excitons in commensurate TMDC heterostructures, with a study on the phase (φ = tan −1 (S 2 /S 1 )) of the steady state with bi-directional incoherent pumping for both valleys.
We have found the existence of 'non-trivial' orthogonal dipoles in R and H commensurate stackings of MoSe 2 /WSe 2 heterostructures. These dipoles, due to time reversal symmetry, are circularly polarized with their quantization axis differing from the z axis, and could potentially be used to observe non-inverse dynamics (different temporal evolutions for different initial states of the emitter) [35] , which could lead to the development of simple quantum gates in such systems.
We have analyzed the coupling between these kinds of dipoles in the presence of an anisotropic (a) Temporal evolution of the Stokes' parameters represented on the Poincaré sphere. Magenta is for our heterostructure and green is for a dipole for which Im[κ] = 0 and a similar value of |κ|/γ. We have taken the intervalley scattering rate to be 0 and the system initially to be in one valley. One should note that the system in our heterostructure evolves outside the xz plane. Note that the red dots denote the steady state and are on the S 1 − S 2 plane. (b) Steady state Stokes' parameters as a function of the normalized intervalley scattering rate. Since we are considering interlayer excitons, we expect the normalized intervalley scattering rate to be small (∼ 0.1). One can see that the coherences are quite large for such heterostructures. (c) A two-dimensional plot of the phase, φ = atan (S 2 /S 1 ), marked in (a) for different values of γ xx and γ yy (γ zz = 1). The large span of φ shows a large coverage of the sphere for our dipole.
